Objective To assess the independent association between overnight or "off-peak" hour delivery and 3 neonatal morbidities strongly associated with childhood neurocognitive impairment.
than 80% of the unmatched birth certificates were missing a hospital identifier, suggesting these infants were delivered at home or at a birthing center. The gestational ages and racial/ ethnic distributions were similar between the matched and unmatched records. We excluded records with birth weights greater than 5 SDs from the mean birth weight for the recorded gestational age because of potential recording errors in either variable. 13 Infants born less than 500 g were also excluded to reduce bias secondary to potential variability in resuscitation strategies among infants born at the limits of viability. The institutional review boards at The Children's Hospital of Philadelphia and the departments of health in California and Pennsylvania approved this study.
The study exposure was delivery during "off-peak" hours defined as birth between 12:00 a.m. and 6:59 a.m. "Peakhour" births were those that occurred at all other times of the day. We a priori selected this 7-hour overnight period because it is similar to the off-peak periods used in several other studies on this topic and because 7:00 a.m. is a common time that overnight physician and nurse staffing shifts conclude. 2, 5, 9, 14, 15 The study outcomes were death; severe (grade 3 or 4) intraventricular hemorrhage (IVH), bronchopulmonary dysplasia (BPD), and retinopathy of prematurity (ROP) among infants who survived to discharge; the individual composites of death or severe IVH, BPD, and ROP; and death or major morbidity, which included 1 or more of the evaluated morbidities.
The clinical and sociodemographic data used in this analysis were obtained from infant birth and death certificates and the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnosis and procedure codes present in the maternal and infant hospital discharge records ( Table I ; available at www.jpeds.com). The death outcome includes neonatal deaths that occurred before neonatal intensive care unit (NICU) discharge and in-hospital fetal deaths with a gestational age ≥23 weeks gestation or a birth weight ≥500 g that met a previous definition of a potentially preventable fetal death. 11 We included these fetal deaths to reduce bias against hospitals with high-level obstetrical services capable of rapid cesarean deliveries that resulted in live births that may have otherwise died in utero. 11, 16 Birth hospital NICU level was defined based on the 2004 American Academy of Pediatrics report on levels of neonatal care and was retrospectively applied to deliveries that occurred before 2004 to maintain consistency over the study period.
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Statistical Analyses
Infant, maternal, and hospital characteristics were summarized with standard descriptive statistics and compared between the infants born during peak and off-peak hours. The proportions of infants born via cesarean and vaginal delivery were calculated for each hour of the day (number of deliveries per hour divided by the total sample size) and reported graphically.
Hourly adjusted delivery rates were also determined to account for maternal and infant factors that may affect the choice of delivery mode. The adjusted rates were calculated using logistic regression and marginal standardization, with delivery mode as the dependent variable and all maternal, infant (excluding gestational age), and birth hospital characteristics listed in Table II as independent variables. 18 We used hierarchical logistic regression to explore the potential association between off-peak hour delivery and the study outcomes. In each model, the outcome of interest was defined as the dependent variable. The first regression model included the year and state of birth only, to account for potential differences across the 2 geographic regions and change in outcome incidence over time. The following prespecified groups of independent covariates were then sequentially added based on the order that they occur during pregnancy: maternal sociodemographic characteristics, chronic comorbidities, and complications of pregnancy (model 2); infant demographic factors present at birth (model 3); and birth hospital characteristics (model 4). This approach to model development permits the mediation analysis described below. Gestational age was not used in the models because of missing data for 6% of the cohort. We used a robust variance estimator for cluster-correlated data in each of the above models to account for possible within-hospital outcome correlation. 19, 20 We performed subgroup analyses to assess for potential differences in the association between off-peak delivery and the study outcomes based on the following 5 covariates: delivery mode, birth hospital NICU level, birth hospital annual volume of VLBW infant deliveries, and 2 definitions of weekday vs weekend off-peak hour delivery (birth between 12:00 a.m. and 6:59 a.m. on Saturday, Sunday, and Monday and birth between 12:00 a.m. and 6:59 a.m. on Sunday and Monday only). Subgroup effects were assessed by adding an interaction term between the dichotomous off-peak hour delivery variable and the subgroup variable to the full regression model (model 4) described above. To account for multiple comparisons, a P value of ≤.0013 was used to identify a statistically significant subgroup effect. 21 In a secondary analysis, we calculated the risk-aORs for developing the study outcomes based on delivery during each hour of the day. The full regression model (model 4) was used in this analysis. Births between 10:00 a.m. and 10:59 a.m. were used as the reference because more infants were born during this period than any other hour throughout the day.
Finally, we assessed for mediation of the association between off-peak hour delivery and the study outcomes by the evaluated maternal, infant, and hospital level factors. Mediation analysis divides the association between an exposure and an outcome (total effect) into the proportion of the association attributable to the study exposure itself (direct and/or residual effects) and the proportion of the association attributable to mediating factors (indirect effects). (Figure 1 ; available at www.jpeds.com) In the present analysis, the direct or residual effect indicates the proportion of the association between off-peak hour delivery and the study outcomes not accounted for by the evaluated maternal, infant, and hospital level factors. Observed residual effect may be due to unmeasured mediation by the evaluated factors. It may also result, at least in part, from hospital structural factors (ie, capabilities of hospital professionals, staff, and the overall health care delivery system) that are not captured in our dataset and that differ between peak and off-peak hours. The mediation analysis was performed using the counterfactual framework described by Robins, Greenland, and Pearl and generalized for a logit model by Buis.
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The mediation percentage for each group of successively added factors was calculated as ([indirect effectssuccessive model-indirect effectsprior model]/total effect). The 95% CIs were calculated using nonparametric bootstrap techniques by rerunning the regression models on 500 random samples of 47 617 births drawn with replacement. The CIs that did not include zero were 
Results
Of the 47 617 VLBW infants included in the study cohort, 9317 (19.6%) were born during off-peak hours (between 12:00 a.m. and 6:59 a.m.). Mothers who gave birth during off-peak hours were more frequently diagnosed with placental abruption, chorioamnionitis, premature rupture of amniotic membranes, and precipitous labor (Table II) . Preeclampsia and oligohydramnios were more common among mothers who delivered during peak hours. The infants born during offpeak hours had modestly lower mean birth weights and gestational ages and were more likely to be male and result from a multiple gestation pregnancy (Table II) . Small for gestational age infants were more commonly born during peak than off-peak hours. A higher proportion of off-peak births occurred in teaching hospitals compared with peak hour deliveries ( Table II) . The probability of delivering by cesarean but not vaginal birth varied throughout the day (Figure 2) . Diagnoses of multiple gestation pregnancy, preeclampsia, umbilical cord prolapse, and fetal distress were associated with higher odds of an operative delivery (Table III ; available at www.jpeds.com). In contrast, off-peak hour delivery was one of the strongest negative predictors of birth by cesarean delivery (aOR 0.65, 95% CI 0.61-0.69).
All study outcomes occurred with greater frequency among the infants born during off-peak compared with peak hours (Table II) . Table IV shows the results of the hierarchical Cesarean and vaginal delivery rates. Hourly delivery rates are shown as a proportion of the total number of deliveries over the 24-hour day. Off-peak hours are defined as births occurring between 12:00 a.m. and 6:59 a.m. Peak hours are births occurring at all other times of the day. Delivery rates adjusted for the maternal, infant (excluding gestational age), and birth hospital characteristics listed in Table II . Table II . †Outcome determined for 42 056 infants who survived to discharge (8047 born during off peak-hours and 34 009 born during peak hours).
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Volume 186 regression analysis. After adjusting for the year and state of birth (model 1), delivery during off-peak hours was associated with increased odds of all study outcomes. After additional adjustment for the maternal characteristics and complications of pregnancy listed in Table II (model 2) , the ORs associated with offpeak hour delivery were attenuated for each outcome and were no longer significantly increased for the outcome of death. Once infant factors were accounted for (model 3), off-peak hour delivery was only associated with increased risk for severe IVH among survivors and the composite outcomes of death or severe IVH and death or major morbidity. Additional adjustment for hospital level factors (model 4) did not affect the results. We did not find evidence of important subgroup differences for any of the evaluated outcomes (interaction term P values ranged from 0.07 to 0.96). In the secondary analysis conducted for each hour of the day, delivery between 3:00 a.m. and 3:59 a.m. was associated with the highest risk-adjusted odds of developing severe IVH among survivors (aOR 1.83, 95% CI 1.24-2.72; Figure 3 ; available at www.jpeds.com). There were minimal differences in the hourly risk-adjusted odds for the other study outcomes. Figure 4 shows the percentage that the evaluated factors mediated the association between off-peak hour delivery and the study outcomes. Maternal factors mediated the largest proportion for each outcome except for severe IVH among survivors. For the outcome of death, maternal factors were the only statistically significant mediators, explaining 72.5% (95% CI 55.5-100) of the total association. The mediation proportion attributed to infant factors ranged from 8.6% (95% CI 2.7-14.6) for severe IVH among survivors to 27.1% (95% CI 7.1-53.6) for BPD among survivors. The evaluated hospital factors did not significantly mediate the association between off-peak hour delivery and any of the study outcomes after maternal and infant factors were considered. Residual mediation independently associated with off-peak hour delivery was observed for severe IVH among survivors (71.9%, 95% CI Figure 4 . Outcome mediation proportions. Mediation proportion and 95% CI are shown for the maternal and infant (excluding gestational age) factors listed in Table II . Noncomposite morbidity outcomes represent disease among survivors. The mediation proportions attributable to hospital level factors were not statistically significant for any of the study outcomes.
60.8-80.6) and the composites of death or severe IVH (35.8%, 95% CI 22.8-46.8) and death or major morbidity (29.7, 95% CI 14.1-43.0).
Discussion
In this 2 US state population based cohort of over 47 000 VLBW infants, birth during off-peak (between 12:00 a.m. and 6:59 a.m.) compared with peak hours (between 7:00 a.m. and 11:59 p.m.) was associated with higher frequencies of death, severe IVH, BPD, and ROP. After adjustment for 25 clinical, sociodemographic, and hospital level covariates, off-peak hour delivery was associated with a 39% increase in the odds of severe IVH among infants who survived to discharge. For the composite outcomes of death or severe IVH and death or major morbidity (severe IVH, BPD, and/or ROP), off-peak hour delivery was associated with a 16% and 8% increased odds, respectively. After adjusting for differences in maternal and infant characteristics, off-peak hour delivery was no longer associated with increased risk for the other study outcomes. There was no evidence of subgroup effects based on delivery mode, birth hospital neonatal intensive care unit level or annual VLBW infant delivery volume, or weekday vs weekend off-peak hour delivery for any of the study outcomes.
The independent association between off-peak hour delivery and severe IVH but not the other evaluated adverse outcomes may reflect the degree that injury around the time of birth contributes to the pathophysiology of this morbidity. IVH in preterm infants typically originates in the periventricular germinal matrix during the first 24-48 hours of life when this highly vascularized region is particularly sensitive to disturbances in cerebral blood flow because of hypoxia, hypercarbia, and acidosis. 25 Infants born overnight compared with during the day more commonly have an umbilical cord pH <7.1 and are at increased risk for perinatal asphyxia even after adjusting for multiple potential confounders. 26, 27 Prior studies proposed several clinical and structural factors that may contribute to the higher rates of adverse outcomes among infants born overnight compared with during the daytime. [2] [3] [4] [5] One such factor is differences in case mix or illness severity occurring between day and night deliveries. In our cohort, infants born during off-peak compared with peak hours had modestly lower mean birth weights and gestational ages. They were also more likely to be male and result from a multiple gestation pregnancy. The mothers of infants born overnight were more commonly diagnosed with chorioamnionitis, placental abruption, premature rupture of amniotic membranes, and precipitous labor. After adjustment for these and other maternal and infant characteristics, off-peak hour delivery was not associated with increased risk for death, BPD, or ROP but remained associated with increased risk for severe IVH. When considered in the temporal order that they occur during pregnancy, maternal medical and sociodemographic factors mediated the largest proportion of the association between off-peak hour delivery and each of the study outcomes except for severe IVH among survivors. These findings suggest that differences in case-mix explained most of the increased morbidity risk observed among infants born during off-peak hours. The remaining independent association between off-peak hour delivery and severe IVH risk may be due to residual mediation or confounding from unmeasured clinical characteristics or other factors that are unrelated to illness severity.
Two structural factors that may contribute to the higher IVH risk among infants born overnight are lower staffing levels or less availability of in-house physicians during off peak hours and greater nighttime fatigue leading to lower provider mental alertness. A recent survey of California childbirth hospitals found that only 64% were capable of performing a cesarean delivery within 30 minutes at all times of the day, and only 56% had a pediatrician, family practitioner, or neonatologist available in-house to attend nighttime deliveries. 28 Unfortunately, our dataset does not include information on hospital staffing levels. As surrogate measures, we included categorical variables for birth hospital NICU level, annual volume of VLBW infant deliveries, and hospital teaching status in our riskadjustment models. Birth hospital NICU level and annual volume of VLBW infant deliveries predict neonatal morbidity and mortality risk and NICU level correlates modestly well with 24-hour availability of high-risk obstetrical and neonatal care. 11, 28, 29 We found that after accounting for maternal and infant covariates, further adjustment for these hospital factors did not change the ORs associated with off-peak hour delivery for any of the study outcomes. However, we acknowledge that these hospital covariates may not completely capture variation in overnight staffing and that residual hospital level confounding may exist. For example, 2 studies from tertiary perinatal centers with well-established 24-hour care models reported that preterm infants born overnight were not at increased risk for mortality or morbidity, including severe IVH. 7, 9 Physicians and nurses perform psychomotor activities less proficiently and are more prone to commit medical errors at night than during the day. [30] [31] [32] [33] Physician-patient contact may also decrease at night, even on wards where providers are present 24 hours a day. In 2 older studies, Tyson et al 34, 35 showed that physician bedside care in the NICU declined throughout the night and that this was associated with less management of the mechanical ventilator in intubated babies and higher nighttime rates of neonatal acidosis and mortality. Our finding that the hourly risk-aORs for severe IVH increased among VLBW infants born between 12:00 a.m. and 4:00 a.m. raises concern that physician fatigue and/or inadequate attention to a nonreassuring fetus or neonate may independently contribute to the risk for this morbidity. The circadian variation in cesarean but not vaginal delivery rates also demonstrates significant manipulation of birth timing. It is possible that nighttime delay of medically indicated cesarean deliveries prolongs fetal exposure to a poor intra-uterine environment and increases risk for severe IVH.
We acknowledge several study limitations. Maternal and infant comorbidities and study outcomes were classified using ICD-9-CM codes. Several studies have evaluated the reliability of various maternal and infant ICD-9-CM diagnosis and procedure codes. [36] [37] [38] [39] [40] [41] [42] In general, these reported high specificity THE JOURNAL OF PEDIATRICS • www.jpeds.com
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and variable sensitivity, which may result in underestimation of morbidity rates. [36] [37] [38] [39] [40] [41] [42] The use of ICD-9-CM codes also prevents adjustment for disease severity. Unmeasured differences because of illness acuity may be present. There are no ICD-9-CM codes for important medications such as antenatal corticosteroids or surfactant. Although there are codes for some interventions such as mechanical ventilation, we do not have data on the timing of therapy initiation. Finally, we were only able to risk stratify based on the factors available in our dataset.
In conclusion, this population-based study assessed the association between off-peak hour delivery of VLBW infants and neonatal morbidities that are strongly predictive childhood neurodevelopmental delay. Overnight delivery was associated with increased risk for death and severe IVH, BPD, and ROP among survivors. After risk adjusting for 25 different maternal, infant, and hospital level factors using a 2 US state administrative database, off-peak hour birth remained associated with increased risk for severe IVH. If these findings are confirmed in future population based cohorts, further research should explore strategies to decrease the risk for neurologic injury among VLBW infants born at night. C ohen et al describe a set of "overflow" movements, which they define as "the involuntary occurrence of movement in a resting contralateral extremity when its opposite member is performing a voluntary motor act." Overflow movements are developmentally sensitive (diminish to a point of disappearance during the first decade of life) but are persistent in and characteristic of a broad group of children who are neurologically impaired. Starting 2 years after this publication, my research career has devoted a major strand to specifying the correlates of overflow, refining the set of developmentally dynamic tasks eliciting these movements, and providing context within a fuller and quantified motor coordination assessment later to be absorbed into the Physical and Neurological Examination for Subtle Signs.
This came about after I was asked by Dr Sidney Carter at Columbia University to adapt my cognitive/behavioral neurology background to children's school problems in my process of reviewing neuromotor development. I started to publish timed tasks based on this work in 1973. The full assessment with normative data for ages 5-12 years was published in 1974; the seminal application to the clinical entity of "hyperactive boys" (before the adoption of attentiondeficit/hyperactivity disorder [ADHD] terminology) was in 1978, with overflow the most accurate discriminator of the clinical from the typical group. There followed, under the Physical and Neurological Examination for Subtle Signs label, 1 many years of published evidence of ADHD-associated anomalies of neuromotor development. Motor control, including the inhibitory aspect highlighted by overflow, stands out as "the canary in the coal mine" for frontostriatal development. Neuroimaging targets have been guided by the motor control findings, leading to many ADHDassociated anatomical and functional "delays" or anomalies being documented. Perhaps the most scientifically probing study of overflow seen with ADHD came in 2011, when my junior colleagues Gilbert et al 2 used transcranial magnetic stimulation to clarify the neurophysiology of mirror movements (the most lingering of overflow subtypes). 
